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•  Li,  A1  co-doped  LiMn204  was  syn¬ 
thesized  using  industrial  raw  mate¬ 
rials  in  bulk  scale  (>20  kg). 

•  Li,  A1  co-doping  significantly  changed 
the  unit  cell  parameter  and  atomic 
arrangement. 

•  The  expansion  of  Li04  tetrahedron 
and  contraction  of  M06  octahedron 
were  identified  by  Rietveld  refine¬ 
ment  of  XRD. 

•  The  optimized  composition  is 
Lii.o6Mni.86Al0.o804  with  high-rate 
performance  and  good  structure- 
stabilization. 

•  Lii.06Mni.86Al0.08O4  has  capacities  of 
91  mAh  g-1  at  0.5  C  and  of  88  mAh  g 

1  at  10  C  at  55  °C  after  200  cycles. 
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Li,  A1  co-doped  LiMn204  (Lii+xMn^.yAlyO^  0  <  x  <  0.12,  0  <  y  <  0.1)  cathode  has  been  synthesized  via  a 
solid-state  reaction  designedly  using  industrial  raw  materials  in  bulk  scale  (>20  kg).  The  multicompo¬ 
nent  substitution  effects  on  the  crystal  structures  are  examined  systematically  by  Rietveld  refinement  of 
X-ray  diffraction,  and  the  resultant  electrochemical  properties  for  Li-ion  batteries  are  also  evaluated  by 
galvanostatic  charge— discharge  and  electrochemical  impedance  spectroscopy  measurements.  As  a  result, 
Li,  A1  co-doping  significantly  changes  the  unit  cell  parameter  and  atomic  arrangement.  With  the 
increasing  of  doping  levels,  a  cell  dimension  contracts  with  concomitant  changes  in  bond  length, 
whereby  the  M06  octahedron  (M  =  Mn/Li/Al)  shrinks  to  provide  structural  integrity  and  the  Li04  tet¬ 
rahedron  expands  to  facilitate  a  fast  electrochemical  process.  The  strong  spinel-framework  contributes  to 
a  better  structure-stabilization,  resulting  in  a  superior  capacity  retention  ratio  of  90%  after  200  cycles  at 
0.5  C  at  55  °C  for  the  optimized  composition  (Lii.o6Mni.86Alo.o804),  which  possesses  an  initial  value  of 
102  mAh  g-1.  Meanwhile,  the  expansion  of  Li04  tetrahedron  leads  to  better  high-rate  performance, 
bringing  about  a  capacity  of  88  mAh  g-1  upon  cycling  at  10  C  at  55  °C.  Further,  Lii.o6Mni.86Alo.os04 
displays  lower  impedance  than  that  of  the  pristine  LiMn204. 
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1.  Introduction 

Up  to  the  present,  lithium-ion  batteries  (LIBs)  are  indispens¬ 
able  power  sources  for  portable  equipment,  and  for  their  po¬ 
tential  applications  in  electric  vehicles  and  energy  storage 
systems,  the  safety  concerns  should  be  more  seriously  cared  [1- 
3  .  Spinel  lithium  manganese  oxides  (LiM^CH)  with  3D  tunnel 
structure  for  the  migration  of  Li+  ions  have  been  supposed  to  be 
a  promising  candidate  for  cathode  materials,  given  that  they  can 
provide  a  reliable  degree  of  safety  and  are  cost-effective, 
compared  to  layered  cathode  materials,  such  as  UC0O2  and 
LiNixCoyMnz02  [4,5].  However,  spinel  LiMn204  remains  a 
persistent  deficiency  which  is  prone  to  severe  capacity  fade  at 
elevated  temperatures  (50-60  °C),  being  attributed  to  the 
formation  of  Mn2+  ions  takes  place  through  Jahn-Teller  active 
Mn3+  ions  which  are  easier  to  decompose  at  higher  tempera¬ 
tures  [6-8]. 

Taking  into  account  that  Mn  dissolution  occurs  at  the  electrode/ 
electrolyte  interface,  one  strategy  that  has  been  employed  to 
combat  this  stability  issue  has  been  to  minimize  the  electrode/ 
electrolyte  contact  through  creating  a  coating  layer  [9-12]. 
Although  a  protection  layer  has  been  proven  effective  in  most  cases, 
the  uniform  or  compact  of  prepared  layers  is  highly  sensitive  to  the 
synthesis  conditions,  as  well  as  the  cost  of  the  additional  coating 
process,  becoming  the  impediments  for  wide-spread  use  of 
LiMn204.  On  the  other  hand,  to  tackle  this  point  of  capacity  fade, 
numerous  efforts  have  been  devoted  to  partially  substitute  other 
metal  ions  for  manganese  in  the  crystal  structure,  which  leads  to 
better  cyclability  at  elevated  temperatures.  Doping  can  have  a 
direct  impact  on  the  structure  and  stability  of  LiMn204  during 
lithium  extraction/insertion.  Some  transition  and  non-transition 
metal  elements,  Such  as  Cr  [13],  Fe  [14],  Mg  15],  Co  [16],  Ni  17], 
Cu  [18],  Bi  [19],  Sn  [20],  Ru  [21],  Al  [22]  and  Li  [23],  have  been 
substituted  to  stabilize  the  spinel  structure  and/or  provide  facile 
charge  transport. 

The  doping  approach  by  substituting  with  electroinactive  ele¬ 
ments  [15,19,20,22,23  has  been  considered  as  an  effective  avenue, 
which  is  based  on  the  idea  that  the  dopant  ions  increase  the 
average  valence  state  of  Mn  to  be  higher  than  +3.5,  expecting  a 
mitigation  of  structural  distortion  by  the  Jahn-Teller,  being  induced 
by  the  strong  metal-oxygen  bonding  of  the  substituted  metal  ion.  In 
most  cases,  structural  stabilization,  minimized  polarization,  and 
improved  electrical  conductivity  were  obtained  via  a  substitution 
with  low  doping  levels.  As  far  as  the  stability  at  high  temperatures 
is  concerned,  however,  LiMn204-based  compounds  still  require 
significant  improvement. 

Dual  metal  element  doping  has  also  been  found  effective  in 
improving  the  cycling  performance  of  LiM^CH.  Prior  work  has 
revealed  that  doping  of  Al  and  the  inclusion  of  additional  Li  can 
improve  notably  the  thermal  stability  of  LiM^CU  [24].  It  is  enun¬ 
ciated  the  interaction  energies  of  LiM^CU  increase  by  employing  Li, 
Al  co-dopants  into  the  spinel  structure  through  an  isothermal 
calorimetry  study.  However,  more  details  of  the  content  and 
structural  analysis  results  of  the  dopants  must  be  given  for  un¬ 
derstanding  the  relationship  between  the  atomic  arrangements 
and  the  resultant  electrochemical  properties,  particularly  at 
elevated  temperatures.  Besides,  the  doping  inevitably  compromises 
the  maximal  capacity  attainable  by  doped-LiMn204.  In  this  regard, 
an  optimum  proposal  of  doping  is  needed  to  pursue  a  higher  rate 
capability,  thus  the  superior  capacity  retention  based  on  the  better 
structure-stabilization  could  compensate  the  lower  original 
capacity. 

Herein,  we  synthesized  Lii+xMn2-x_yAly04  spinels  via  a  sim¬ 
ple  solid-state  reaction  designedly  using  industrial  raw  materials 
in  bulk  scale  (>20  kg).  The  aim  is  to  present  the  detail  of 
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Fig.  1.  The  initial  discharge  curves  of  the  Lii+xMn2_x04  samples  with  cycling  at  0.5  C  at 
25  °C. 


multicomponent  effects  on  the  crystal  structure,  linking  to  the 
unit  cell  dimension,  atomic  content  and  arrangements,  which  are 
directly  related  to  the  significant  improvement  of  electro¬ 
chemical  performance  of  Li,  Al  co-doped  LiM^CH.  We  show  that 
the  volume  changes  of  Li04  tetrahedron  and  M06  octahedron 
(M  =  Mn/Li/Al),  thus,  unit  cell  contraction  and  suppression  of 
a  two-phase  region,  by  incorporating  Li+,  Al3+  co-dopants 
into  the  spinel  lattice  are  responsible  for  the  superior  cyclabil¬ 
ity  and  rate  performance  of  Lii+xMn2-x_yAly04.  In  this  multi- 
component  system,  the  structure-property  relationship  of  the 
Lii+xMn2_x_yAly04  is  revealed,  as  a  way  to  optimize  the  behavior 
of  these  cathodes. 

2.  Experimental 

2.1.  Fabrication  of  materials 

Lii+xMn2-x-yAly04  spinels  were  synthesized  via  a  simple 
conventional  solid-state  reaction.  All  reagents  used  were  of  in¬ 
dustrial  raw  materials  without  further  purification.  Required 
amounts  of  Li2C03,  electrolytic  Mn02,  and  AI2O3  were  dry  grin¬ 
ded  in  the  ball  mill  for  30  min,  then  the  mixture  was  heated  at 
600  °C  for  6  h  and  750  °C  for  12  h  in  air,  and  followed  by  furnace 
cooling  to  produce  the  final  spinel  sample.  For  comparison  pur¬ 
poses,  stoichiometric  LiM^CH  and  Al-undoped  Li-excess 
Lii+xMn2_x04  spinels  were  also  prepared  by  the  similar  method 
as  described  above  with  the  stoichiometric  amounts  of  Li/Mn  and 
without  the  addition  of  AI2O3,  respectively.  A  typical  batch  size 
was  >20  kg. 

2.2.  Physicochemical  characterizations 

Sample  crystallographic  phase  identification  was  investi¬ 
gated  by  X-ray  power  diffraction  (XRD)  method  utilizing  a 
Shimadzu-9100  with  Cu  Ka  radiation  (A  =  1.54056  A)  at  room 
temperature,  under  Bragg-Brentano  geometry  in  the  26  range  of 


Table  1 

The  lattice  parameters  and  the  ratio  of  Li/(Li  +  Mn)  in  the  Lii+xMn2_x04  samples. 


Sample 

Lattice 

parameter  (A) 

Stoichiometric 
ratio  of  Li/(Li  +  Mn) 

Measured  ratio 
of  Li/(Li  +  Mn) 

x  =  0 

8.247 

0.333 

0.332 

x  =  0.03 

8.242 

0.343 

0.341 

x  =  0.06 

8.235 

0.353 

0.352 

x  =  0.09 

8.229 

0.363 

0.363 

x  =  0.12 

8.223 

0.373 

0.372 
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Fig.  2.  The  cycling  performance  of  the  Lii+xMn2_x04  samples  with  cycling  at  0.5  C  (a)  at  25  °C  and  (b)  at  55  °C. 


15—120°  at  an  interval  of  0.02°,  with  a  counting  time  duration  of 
10  s  for  each  step.  The  lattice  parameters  were  refined  by  the 
Rietveld  method  with  General  Structure  Analysis  Software 
(GSAS  program)  [25].  Surface  morphology  of  the  sample  was 
observed  by  scanning  electron  microscope  (SEM)  using  a 
Quanta-200.  The  size  distribution  of  the  sample  was  determined 
using  a  Beckman  laser  particle  size  analyzer  and  the  tap-density 
was  examined  using  a  tapping  apparatus  (FZS4-4B).  Composi¬ 
tional  characterization  was  carried  out  by  inductively  coupled 
plasma-atomic  emission  spectrometer  (ICP-AES).  The  relative 
standard  deviation  of  the  replicated  measurements  by  ICP-AES 
and  the  recovery  of  the  calibration  solutions  did  not  exceed 
1%,  relatively. 

The  electrochemical  tests  were  carried  out  in  coin-type  cells 
(CR  2025)  with  lithium  metal  counter  electrodes.  The  cells  were 
assembled  in  an  argon-filled  glove  box.  Cathode  slurries  were 
prepared  by  mixing  the  active  material,  conductive  acetylene 
black  and  polyvinylidene  fluoride  (PVDF)  in  an  80:10:10  wt%  in 
l-methyl-3-pyrrolidone  (NMP)  solvent.  These  slurries  were  then 
cast  onto  an  aluminum  foil  and  dried  at  120  °C  in  a  vacuum  oven 
for  12  h.  Then  the  foil  was  punched  into  circular  electrode  1.4  cm 
in  diameter.  Its  loading  weight  was  approximately  2  mg  cm-2. 
The  electrolyte  was  1  mol  L-1  LiPF6  dissolved  in  a  1:1  vol%  of 
ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC).  The 
charge— discharge  tests  were  performed  on  a  NEWWARE  battery 
tester.  Electrochemical  impendence  spectroscope  (EIS)  mea¬ 
surements  were  performed  on  a  CHI650D  electrochemical 
workstation,  which  conducted  with  AC  amplitude  of  5  mV  in  the 
frequency  range  from  105  Hz  to  0.01  Hz. 

3.  Results  and  discussion 

3.1.  Stoichiometric  LiMri204  and  Li-excess  Li^+xMu2-x04  spinels 

In  order  to  understand  the  effectiveness  of  Li-dopant  on  the 
electrochemical  properties  of  stoichiometric  LiMn204,  Fig.  1  com¬ 
pares  discharge  curves  of  stoichiometric  LiMn204  and  Li-excess 
Lii+xMn2_x04  samples  cycled  at  0.5  C  at  room  temperature 
(25  °C).  The  Li-excess  samples,  where  x  =  0.03, 0.06, 0.09, 0.12,  were 
measured  by  the  ICP-AES  analysis,  as  shown  in  Table  1.  It  is  not 
unexpected  that  the  ICP-AES  measured  compositions  indicating 
slight  Li  losses  during  synthesis,  but  it  still  brings  about  a  good 
match  to  the  expected  molar  ratio.  The  stoichiometric  sample 
presents  two  distinguished  charge/discharge  plateaus,  revealing  a 
two-step  process  for  LiMn204  during  Li+  ions  intercalation/dein¬ 
tercalation.  The  step  is  gradually  less  pronounced  in  the 
Li1.03Mn1.97O4  and  Li1.06Mn1.94O4  samples,  indicating  the  Li-doping 
could  alleviate  the  long-range  ordering  of  the  Li+  ions  in  the  spinel 
LiMn204  [26,27].  Moreover,  for  the  samples  with  higher  doping 


levels  (Li1.09Mn1.91O4  and  Li1.12Mn1.8sO4),  as  shown  in  the  inset,  the 
voltage  step  is  essentially  fully  suppressed. 

Fig.  2(a)  shows  the  cycling  performance  of  the  five  samples 
cycled  at  25  °C  at  0.5  C.  From  Fig.  2(a)  it  can  be  concluded  that  doping 
inevitably  reduces  the  maximal  capacity  attainable,  but  after  200 
cycles  of  charging/discharging,  the  Li1.06Mn1.94O4  sample  delivers  a 
higher  capacity  of  106.5  mAh  g-1  than  that  of  stoichiometric 
LiMn204  sample,  the  latter  is  yielding  a  capacity  of  101.4  mAh  g-1. 
The  capacity  retentions  of  the  stoichiometric  LiMn204,  Li-excess 
Li1.03Mn1.97O4,  Li1.06Mn1.94O4,  Li1.09Mn1.91O4  and  Li1.12Mn1.88O4 
samples  are  83.0%,  86.6%,  93.6%,  96.5%  and  97.5%,  respectively,  after 
200  cycles.  The  effectiveness  of  structure-stabilization  by  Li-doping 
was  also  confirmed  at  55  °C.  As  shown  in  Fig.  2(b),  the  capacities  of 
60.4,  65.3,  73.1,  68.4  and  66.4  mAh  g-1  are  obtained  for  the  five 
above-mentioned  samples,  respectively.  Moreover,  the  capacity  re¬ 
tentions  of  the  five  samples  are  50.2%,  56.9%,  65.3%,  69.2%  and  73.6%, 
respectively,  after  200  cycles.  These  results  indicate  that  the  Li- 
doping  could  efficiently  suppress  the  ordering  of  Li+  ions  and 
improve  the  stability  of  the  spinel  structure. 

Therefore,  in  order  to  study  the  changes  in  crystal  structure  of 
stoichiometric  LiMn204  and  Li-excess  Lii+xMn2_x04  spinels,  the 
samples  were  carefully  examined  by  XRD  method.  Fig.  3  shows  the 
XRD  patterns  of  the  samples,  corresponding  with  the  JCPDS  card 
No.  35-0782.  The  diffraction  peaks  of  all  the  samples  could  be 
unambiguously  indexed  as  cubic  spinel  structure  with  an  Fd-3m 
space  group  and  without  any  impurities,  except  the  Li1.12Mn1.88O4 
sample,  which  shows  the  characteristic  patterns  of  Li2Mn03  phase 
(JCPDS:  01-084-1634),  probably  due  to  the  heavily  doping  of  Li  into 
the  spinel  LiMn204  [28].  The  cubic  lattice  parameters  of  the  spinel 
phase  calculated  from  the  diffraction  data  are  shown  in  Table  1. 
From  Table  1,  it  can  be  concluded  that  the  cell  size  decreases  with 
increasing  x,  which  is  mainly  due  to  the  Li-doping  into  the  spinel 
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Fig.  3.  X  -ray  diffraction  patterns  of  Lii+xMn2_x04  samples. 
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Fig.  4.  (a)  The  initial  discharge  curves  of  the  Lii.o6Mni.94_yAly04  samples  with  cycling  at  0.5  C  at  55  °C;  (b)  The  cycling  performance  of  the  Lii.o6Mni.94_yAly04  samples  with  cycling  at 
0.5  C  (a)  at  25  °C  and  (b)  at  55  °C. 


structure  to  form  a  Li[LixMn2-x]04  composite.  The  Li+  ions  dope 
into  the  octahedral  sites  in  the  spinel  structure,  leading  to  the 
decrease  in  content  of  Mn3+  ion  and  the  increase  in  content  of  the 


Mn4+  ion  to  keep  the  charge  balance.  The  radius  of  the  Mn4+  ion 


,4+  ■ 


(0.54  A)  is  smaller  than  that  of  the  Mn3+  ion  (0.65  A)  [29],  so  the 
increase  of  Mn4+/Mn3+  ratio  in  the  spinel  reduces  the  lattice  size. 
As  we  know,  the  gravimetric  capacity  of  LiMn204  is  inversely  pro¬ 
portional  to  the  average  Mn  oxidation  state,  so  the  composition  of 
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Fig.  5.  Rietveld  refinement  patterns  using  powder  X-ray  diffraction  of  the  Lii.o6Mni.94_yAly04  samples.  The  dot  marks  show  observed  X-ray  diffraction  intensities,  the  red  line 
represents  calculated  intensities,  the  blue  line  at  the  bottom  is  the  difference  between  the  calculated  and  observed  intensities,  and  the  green  tick  marks  above  the  difference  plot 
show  the  position  of  the  Bragg  peaks.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article). 
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Fig.  6.  Expanded  26  region  of  the  X-ray  diffraction  patterns  of  the  Lii.o6Mni.94_yAly04  samples. 


the  sample  was  optimized  to  Li1.06Mn1.94O4.  Furthermore,  it  is 
worthy  mention  that,  the  statement  of  the  additional  Li  has  been 
incorporated  into  the  crystal  lattice,  forming  a  non-stoichiometric 
Li-excess  spinel,  would  be  described  in  further  detail  below. 

3.2.  The  electrochemical  and  structural  properties  of  the 
Liio6Mni94-yAly04  samples 

To  further  optimize  the  electrochemical  performance  of  Li- 
doped  LiMn204  at  elevated  temperatures,  the  effects  of  Al-doping 


on  the  Li1.06Mn1.94O4  samples  have  been  investigated.  From 
Fig.  4(a)  it  can  be  observed  that  suppression  of  a  two-phase  region 
of  Li1.06Mn1.94O4  sample  by  Al-doping,  which  is  in  good  agreement 
with  the  above  discussions.  Moreover,  the  discharge  capacity 
changes  of  Lii.06Mni.94_yAlyO4  with  cycling  at  0.5  C  at  55  °C  can  be 
seen  in  Fig.  4(b).  The  inferior  capacity  retention  of  Li1.06Mn1.94O4 
(maintaining  65.3%  after  200  cycles)  was  significantly  improved  by 
Al-doping,  resulting  in  76.2%,  82.0%,  89.5%,  and  91.7%  fory  =  0.02, 
0.05,  0.08,  and  0.1,  respectively.  These  Al-undoped  Li1.06Mn1.94O4 
and  Al-doped  Li1.06Mn1.94O4  samples  deliver  capacities  of  73.1, 82.6, 


Table  2 

Summary  of  structural  refinement  of  the  Lii.o6Mni.94_yAly04  samples  by  a  Rietveld  method  using  a  Cubic  Fd-3m  space  group3. 


Sample 

Atom  site 

x=y  =  z 

Occupancy 

Lattice  parameter  a  (A) 

Interatomic  distance  (A) 

[  Li  ]  8a  [0]32e  [M]l6d~  [0]32e 

Reliability  factors 

Rp/%  Rwp/% 

x2 

y  =  0 

[Lika 

0.1250 

1.0000 

8.2352(9) 

1.8346(5) 

2.0321(3) 

6.74 

9.02 

3.47 

[Mn]i6d 

0.5000 

0.9726 

[Liked 

0.5000 

0.0275 

[Al]l6d 

- 

- 

[0]32e 

0.2592(5) 

1.0000 

y  =  0.02 

1  Li  1 8a 

0.1250 

1.0000 

8.2324(7) 

1.8792(4) 

2.0019(7) 

5.70 

7.44 

2.59 

[Mn]i6d 

0.5000 

0.9629 

[  Li  1 1 6d 

0.5000 

0.0276 

[Al]i6d 

0.5000 

0.0095 

[0]32e 

0.2604(3) 

1.0000 

y  =  0.05 

[Li]8a 

0.1250 

1.0000 

8.2281(4) 

1.9181(6) 

1.9801(3) 

6.36 

8.68 

3.13 

[Mn]i6d 

0.5000 

0.9491 

[Liked 

0.5000 

0.0277 

[Al]l6d 

0.5000 

0.0236 

[0]32e 

0.2615(4) 

1.0000 

y  =  0.08 

[  Li  ]  8a 

0.1250 

1.0000 

8.2229(5) 

1.9470(4) 

1.9646(3) 

6.45 

8.71 

3.23 

[Mn]16d 

0.5000 

0.9333 

[  Li ] 1 6d 

0.5000 

0.0278 

[Al]i6d 

0.5000 

0.0389 

[0]32e 

0.2626(3) 

1.0000 

y  =  0.1 

[Li]sa 

0.1250 

1.0000 

8.2193(5) 

1.9762(3) 

1.9479(1) 

6.55 

8.64 

3.17 

[Mn]16d 

0.5000 

0.9243 

[Liked 

0.5000 

0.0276 

[Al]l6d 

0.5000 

0.0481 

[0]32e 

0.2638(2) 

1.0000 

3  M  indicates  the  elements  occupied  in  16d  site  such  as  Mn,  Li,  and  Al;  Rp  is  the  profile  factor;  Rwp  is  the  weighted  profile  factor;  x2  is  the  goodness  of  fit. 
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Fig.  7.  Schematic  illustration  of  ball-stick  polyhedron:  the  concerted  expansion  of  Li04 
tetrahedron  and  contraction  of  M06  octahedron  ( green- [ Li ]8a,  blue-[M]i6d)  red- 
[0]32e)-  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article). 


Fig.  8.  Discharge  rate  capability  of  the  LiMn204,  Lii.06Mni.94O4  and  Lii.06Mni.86Alo.o804 
samples  at  55  °C. 

85.4, 91.2  and  89.1  mAh  g-1  after  200  cycles,  respectively.  It  is  found 
that  Al-doped  samples  have  the  improved  elevated-temperature 
cycling  stability  compared  with  the  undoped  one,  implying  that 
the  Al-doped  samples  have  a  higher  structural  stability. 


Table  3 

Impedance  parameters  of  the  LiMn204,  Lii.06Mni.94O4  and  Lii.06Mni.86Al0.08O4 
samples  after  1  and  200  cycles  at  55  °C. 


Sample 

Ki  (O) 

Ksf(O) 

Ret  (fl) 

1st 

200th 

1st 

200th 

1st 

200th 

LiMn204 

6.0 

8.2 

17.6 

163.8 

22.9 

472.5 

Lii.06Mni.g4O4 

7.1 

10.5 

18.5 

90.9 

36.2 

204.1 

Lii  .oeMni  .86A1q.o804 

7.3 

10.8 

18.7 

67.3 

39.5 

120.2 

The  structural  properties  of  the  Lii.o6Mni.94_yAly04  samples  are 
critical  to  the  resultant  enhanced  electrochemical  performance. 
Thus,  careful  characterization  of  Rietveld  refinement  of  XRD  dif- 
fractograms  were  performed  to  further  understand  their  crystal¬ 
lographic  properties,  linking  to  Li/Mn/Al  location  and  content, 
oxygen  positional  parameter,  and  lattice  parameter.  In  the  re¬ 
finements,  a  pseudo-Voigt  function  and  a  linear  interpolation  be¬ 
tween  the  set  background  points  with  refinable  heights  were  used 
to  define  the  profile  shape  and  the  background,  respectively.  Except 
for  the  occupancy  parameters  of  the  ions,  which  were  fixed  at  the 
nominal  composition,  all  other  parameters  such  as  scale  factor,  zero 
correction,  background,  half-width  parameters,  the  mixing  pa¬ 
rameters,  lattice  parameters,  positional  coordinates,  and  thermal 
parameters  were  varied  in  the  course  of  refinement.  Fig.  5  depicts 
the  Rietveld  fit  for  the  Lii.o6Mni.94_yAly04  samples  using  a  cubic 
spinel  in  the  Fd-3m  space  group.  As  observed  the  expanded  26  re¬ 
gion  in  Fig.  6,  the  main  diffraction  peaks  of  the  patterns  shifts  to  a 
higher  angle  as  more  Al-dopant  is  added,  indicating  a  decrease  of 
lattice  size  of  the  unit  cell.  The  refined  parameters  are  summarized 
in  Table  2. 

As  Table  2  shows,  a  reasonable  fit  between  the  observed  and  the 
calculated  data  was  obtained  with  good  agreement  factors.  The 
XRD  patterns  of  the  pristine  and  Al-doped  Li1.06Mn1.94O4  samples, 
as  shown  in  Fig.  3,  can  be  assigned  to  the  Fd-3m  space  group, 
without  any  impurity  phases,  indicating  that  Al-doping  does  not 
affect  the  formation  of  a  cubic  spinel.  It  also  further  verifies  the 
abovementioned  statement  of  the  additional  Li  has  been  incorpo¬ 
rated  into  the  spinel  lattice  of  the  16d  site,  which  is  usually  occu¬ 
pied  by  the  Mn  atoms  for  the  LiMn204  samples.  The  refinement 
results  also  indicate  the  contraction  of  the  unit  cell  with  Al-doping, 
corresponding  to  the  values  obtained  by  Le  Bail  fitting.  An  inter¬ 
esting  result  comes  from  the  difference  in  the  interatomic  distance. 
While  the  [Li]8a-[0]32e  distance  has  noticeably  increased  upon  Al- 
doping,  taking  y  =  0  and  0.1  for  examples,  namely,  the 
Li1.06Mn1.94O4  and  Li1.06Mn1.84Al0.1O4  samples,  their  respective 
[Li]8a-[0]32e  distances  are  1.8346(5)  A  and  1.9762(9)  A,  and  the 
[M]i6d-[0]32e  distance  (M  indicates  the  elements  occupied  in  16d 


Fig.  9.  EIS  spectra  of  the  LiMn204)  Lii.06Mni.94O4  and  Lii.06Mni.86Al0.08O4  samples  at  55  °C,  (opened)  recorded  after  (a)  1  and  (b)  200  charge-discharge  cycles;  (solid  line)  simulated 
curves  using  the  equivalent  circuit  in  inset. 
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site  such  as  Mn,  Li,  and  Al.)  has  simultaneously  decreased  from 
2.0321(3)  A  to  1.9479(7)  A,  eventually  resulting  in  a  unit  cell 
contraction,  from  8.2352(9)  A  to  8.2193(5)  A.  The  concomitant 
changes  of  both  [Li]8a-[0]32e  and  [M]i6d-[0]32e  distances  are  inter¬ 
esting  for  the  following:  on  the  one  hand,  the  increase  in  volume  of 
the  Li04  tetrahedron  suggests  the  possible  to  utilize  the  fast  elec¬ 
trochemical  kinetics  [30];  on  the  other  hand,  the  contraction  of  the 
M06  octahedron  implies  that  the  spinel-framework  can  be 


tightened  by  Al-doping,  which  possibly  leads  to  high  capacity 
retention  under  repeated  charge-discharge  cycles. 

The  ball-stick  Li04  tetrahedral  and  M06  octahedral  polyhedrons 
described  in  Fig.  7  schematize  the  concepts  addressed  above.  The 
white  arrows  point  out  the  concerted  expansion  of  a  Li04  tetra¬ 
hedron  and  contraction  of  neighboring  M06  octahedrons.  Since  the 
Li04  tetrahedral  sites  share  corners  with  the  M06  octahedral  sites, 
and  Li+  ion  diffusion  occurs  through  the  empty  tetrahedron  and 


Fig.  10.  SEM  micrographs  of  samples:  (a-b)  electrolytic  Mn02  reagent,  (c-d)  LiMn204,  (e-f)  Li1.06Mn1.94O4,  and  (g-h)  Lii.06Mni.86Al0.08O4,  magnified  1000  and  50000  times, 
respectively. 
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octahedron  interconnected  with  one  another  by  common  faces  and 
edges,  the  expansion  of  tetrahedra  implies  the  possible  to  facilitate 
a  fast  electrochemical  process,  leading  to  optimal  rate  performance, 
even  at  elevated  temperatures. 

Fig.  8  compares  the  discharge  capacities  of  LiMn204, 
Li1.06Mn1.94O4  and  Li1.06Mn1.86Al0.08O4  samples  at  different  C-rates. 
The  LiMn204  sample  delivers  the  greatest  capacity  of  about 
125  mAh  g-1  at  0.2  C,  has  severely  decreased  with  C-rates.  On  the 
other  hand,  the  sensitivity  of  capacity  to  C-rates  for  the 
Li1.06Mn1.94O4  sample  has  suppressed.  For  the  Li1.06Mn1.86Al0.0sO4 
sample,  the  C-rate  dependence  of  the  capacity  has  further  weak¬ 
ened,  which  is  obtained  the  greatest  capacities  at  5, 10, 15,  and  20  C, 
the  corresponding  capacities  are  about  88,  79,  67  and  52  mAh  g-1, 
respectively.  From  0.2  C  to  10  C,  the  capacity  reductions  of  LiMn204, 
Li1.06Mn1.94O4  and  Li1.06Mn1.86Al0.08O4  samples  are  approximately 
71%,  52%  and  23%,  respectively.  It  should  be  noted  that  when  the 
current  rate  is  decreased  from  20  C  to  0.5  C,  the  discharge  capacity 
of  Li1.06Mn1.86Al0.08O4  can  be  recovered  to  around  100  mAh  g_1, 
indicates  its  good  reversibility  upon  cycling.  As  a  result,  the 
Li1.06Mn1.86Al0.08O4  sample  shows  the  greatest  high-rate  perfor¬ 
mance,  proving  the  effectiveness  of  Li,  Al  co-doping  under  high-rate 
conditions  at  elevated  temperatures. 

In  order  to  investigate  the  electrochemical  behavior  of  the 
LiMn204,  Li1.06Mn1.94O4  and  Li1.06Mn1.86Al0.08O4  samples  at  the 
electrode/electrolyte  interface  in  detail,  EIS  measurements  were 
carried  out.  All  of  the  samples  were  measured  with  cycling  at  the 
fully  discharged  state,  as  described  in  Fig.  9.  Nyquist  plots  indicate 
that  the  depressed  semicircles  of  all  of  the  samples  after  1  cycle  are 
enlarged  after  200  cycles,  and  frequency  values  are  denoted  for  a 
few  typical  data  points.  Using  the  equivalent  circuit  in  the  inset  of 
Fig.  9(b),  where  R\  is  the  solution  resistance,  Rs f  and  CPEi  represent 
the  resistance  and  capacitance  the  surface  film  covered  electrode 
particles,  Rc t  and  CPE2  represent  the  charge-transfer  resistance  and 
double-layer  capacitance,  Wi  is  the  Li  diffusion  resistance  in  the 
crystal  lattice  [9,31  ,  characteristic  parameters  were  extracted  in 
Table  3.  It  can  be  observed  that  both  of  the  enlarged  Rs f  and  Rct  for 
LiMn204  have  been  alleviated  by  Li-doping,  which  has  further 
relieved  for  the  Li1.06Mn1.86Al0.08O4  sample.  It  probably  thanks  to 
the  better  structure-stabilization  of  Li1.06Mn1.86Al0.0sO4,  leading  to 
a  less  dissolution  of  Mn,  whereby  a  smaller  increase  in  impedance 
upon  cycling  is  achieved. 

3.3.  Morphological  features 

Additionally,  Fig.  10  exhibits  the  micrographs  of  SEM,  and  there 
is  hardly  any  difference  among  the  LiMn204,  Li1.06Mn1.94O4  and 
Li1.06Mn1.86Al0.08O4  samples.  All  of  the  samples  show  a  good  crys¬ 
tallinity  and  a  highly  aggregated  morphology,  namely,  the  sec¬ 
ondary  micrometer-sized  particles  consist  of  aggregated  primary 
sub-micron  particles,  all  of  which  faithfully  inherit  the  initial  sur¬ 
face  structure  of  the  electrolytic  Mn02  reagent.  Besides,  the 
LiMn204,  Li1.06Mn1.94O4  and  Li1.06Mn1.86Al0.08O4  samples  have  tap- 
densities  as  high  as  1.82,  1.82  and  1.80  g  cm-3,  respectively.  The 
median  sizes  D50  of  these  three  samples  are  10.1,  9.9  and  9.6  pm, 
respectively. 

4.  Conclusions 

In  summary,  the  electrochemical  performance  of 
Lii+xMn2_x_yAly04  (0  <  x  <  0.12,  0  <  y  <  0.1)  was  investigated  and 
correlated  Rietveld  refinement  analysis  of  the  structural  factors  was 
addressed.  The  decrease  of  a  unit  cell  dimension  by  Li,  Al  co¬ 
substitution,  accompanied  by  the  expansion  of  Li04  tetrahedron 


and  contraction  of  M06  octahedron,  resulted  in  an  improvement  in 
high-rate  performance  and  a  better  structure-stabilization, 
respectively.  For  the  optimized  composition  (Li1.06Mn1.86Al0.0sO4), 
a  superior  capacity  retention  ratio  of  90%  after  200  cycles  at  0.5  C  at 
55  °C  (initial  value  is  102  mAh  g-1),  and  a  capacity  as  high  as 
88  mAh  g  1  upon  cycling  at  10  C  at  55  °C,  as  well  as  a  lower 
impedance  than  that  of  the  pristine  LiMn204  were  obtained. 
Therefore,  the  excellent  elevated-temperature  electrochemical 
performance  will  promote  the  development  of  LiMn204  cathode 
materials  to  meet  the  large-scale  application  requirements  of  high- 
performance  LIBs. 
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